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Abstract
Irradiation increases the generation of reactive oxygen intermediates, including hydrogen peroxide (H2O2).
Myeloperoxidase (MPO), a heme-containing glycoprotein located in the primary granules of polymorphonuclear leukocytes
and monocytes, reacts with H2O2 and halide ion and produces a more potent microbicidal oxidant, hypochlorous acid
(HOCl). Human HL60 promyelocytes constitutively had high levels of MPO protein and mRNA. Irradiation decreased the
levels of MPO transcripts; the decrease in MPO transcripts by irradiation occurred in an almost dose-dependent manner.
HL60 cells produce tumor necrosis factor K (TNFK), and irradiation markedly increased the TNFK production in these cells ;
in turn, TNFK decreased the levels of MPO transcripts in these cells. Furthermore, treatment of cells with anti-TNFK
antibody blocked the reduction of MPO by irradiation. We also found that irradiation decreased the levels of the MPO
mRNA with concomitant increased levels of TNFK mRNA in differentiation-induced HL60 cells and human THP-1
monocytic cells. Irradiation reduced the rate of MPO transcription but had only a slight effect on the half-life of MPO
mRNA in HL60 cells. Our results suggest that irradiation reduces the steady-state levels of MPO mRNA mainly at
transcriptional level and the endogenous production of TNFK is required for the reduction by irradiation in HL60
cells. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Irradiation induces neoplastic transformation and
also causes bone marrow suppression that leads to
either bleeding or infection. In the presence of oxy-
gen (O2), irradiation increases the formation of
superoxide anion (O32 ) and hydrogen peroxide
(H2O2); these reactive oxygen species play an impor-
tant role in the damage induced by irradiation [1^4].
In the presence of superoxide and metals such as
copper and iron, hydroxyl radicals (OH3) are yielded
from H2O2, although H2O2 is not reactive by itself
[5]. The reaction of these radicals with DNA results
in DNA strand breaks, which induce carcinogenesis
[6]. In response to these stresses, however, cells are
known to induce or activate proteins that protect
themselves from external insults. Previous studies in-
cluding ours have shown that cytokines such as gran-
ulocyte/macrophage-colony stimulating factor (GM-
CSF), tumor necrosis factor K (TNFK) and interleu-
kin-1 (IL-1) are produced following irradiation in
various cells [7^10].
Myeloperoxidase (MPO, EC 1.11.1.7, donor:
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H2O2 oxidoreductase) is a heme-containing glyco-
protein synthesized in early myeloid cells and stored
in azurophilic granules of polymorphonuclear neu-
trophilic granulocytes [11]. The human MPO gene
is located on the long arm of chromosome 17 and
contains 12 exons and 11 introns [12]. Mature MPO
consists of two light chains (13.5 kDa) and two
heavy chains (55 kDa) [11]. The light chain of
MPO is encoded by the 3P half of exons 4 and 5,
and two-thirds of exon 6, while the heavy chain is
encoded by the remainder of exon 6 and exons 7^12
[11]. This enzyme catalyzes the dismutation of H2O2
to H2O and hypochlorous acid (HOCl), a potent
microbicidal agent, and plays an important role in
an oxygen-dependent antimicrobial system. In mye-
loid cells, thus, MPO plays a key role in host defense
against a variety of microorganisms [13].
The MPO gene is expressed only during a limited
period in myeloid di¡erentiation; the expression of
MPO mRNA peaks at the stage of late myeloblasts
and promyelocytes and declines at later stages of
di¡erentiation [13,14]. With di¡erentiation, the ex-
pression of MPO is reduced; MPO transcripts can-
not be detected in mature cells such as granulocytes
and macrophages in the peripheral blood [14^16].
Regulation of MPO gene expression appears to be
controlled primarily at the transcriptional levels [14].
Recent studies have identi¢ed that cis-acting ele-
ments of the human MPO gene in introns 7 and 9
or the 5P-£anking region, and G-CSF responsive el-
ement (GRE) has been found approximately 800 bp
upstream of the transcriptional initiation site [17^19].
Furthermore, several DNase I hypersensitive sites
associating with regulation of MPO gene expression
during development have been assigned in the
5P-£anking region of the gene [19,20]. However, little
is known about the regulation of MPO gene expres-
sion in irradiation.
Human myeloid cell line, HL60 was established
from leukemia promyelocytes of a patient with
AML [21,22]. HL60 cells can be induced to di¡er-
entiate into granulocytes or monocytes by dimethyl-
sulfoxide, retinoic acid (RA), 12-O-tetradecanoyl
phorbol-13-acetate (TPA), or TNFK [21^24]. HL60
cells constitutively express MPO mRNA and pro-
teins at a high level having the enzyme activity.
When HL60 cells are induced to di¡erentiate, MPO
expression is reduced [14].
In this study, we examined the e¡ect of irradiation
on the expression of the MPO gene in human pro-
myelocytic HL60 cells. We found that irradiation
decreased the accumulation of MPO transcripts
through the production of TNFK in HL60 cells.
We also explored the mechanisms for the regulation
of MPO mRNA by irradiation.
2. Materials and methods
2.1. Cells and culture
Human promyelocytic leukemia cells HL60 and
monocytic leukemia cells THP-1 (obtained from Jap-
anese Cancer Research Resources Bank, Tokyo, Ja-
pan), were cultured in K-medium (Cosmo Bio, To-
kyo, Japan) supplemented with 7% fetal calf serum
(Mitsubisi Kasei, Tokyo, Japan) in a humidi¢ed at-
mosphere containing 5% CO2.
2.2. Irradiation
Cells were irradiated with Q-rays by a 137Cs source
emitting at a ¢xed dose rate of 12 Gy/min as deter-
mined by dosimetry.
2.3. Reagents
The MPO polyclonal antibody was kindly pro-
vided by Dr. Michiyuki Yamada (University of Yo-
kohama, Yokohama, Japan) [25]. This antibody re-
acts with approximately 80 kDa of MPO precursor.
The anti-human glycerohydrate-3-phosphate dehy-
drogenase (G3PDH) polyclonal antibody was pur-
chased from Trevigen (Gaithersburg, MD, USA).
Alkaline phosphatase-conjugated sheep anti-rabbit
IgG antibody was purchased from Cappel Organon
Teknika (Durham, NC, USA). The neutralizing anti-
body against human TNFK (polyclonal rabbit anti-
human TNFK) was purchased from Genzyme (Cam-
bridge, MA, USA); 10 Wl of this antibody neutralizes
1000 units of TNFK. The antibody against human
IL-1L was polyclonal rabbit antibody and was kindly
provided by Dr. Tsutomu Nishida (Otsuka, Tokush-
ima, Japan). Human recombinant TNFK and IL-1L
were also obtained from Genzyme, and the speci¢c
activities were 1.08U108 units/mg protein and 5U108
BBAMCR 14588 17-2-00
M. Hachiya et al. / Biochimica et Biophysica Acta 1495 (2000) 237^249238
units/mg protein, respectively. Actinomycin D, TPA,
and all-trans retinoic acid (RA) were purchased from
Sigma. 1,25 (OH)2 Vitamin D3 (Vit D3) was pur-
chased from Duphar (Weesp, the Netherlands).
2.4. Western blot analysis
Cells were lysed in bu¡er containing 50 mM Tris-
HCl (pH 8.0), 150 mM NaCl, 0.02% NaN3, 0.1%
sodium dodecylsulfate (SDS), 100 mg/ml phenyl-
methylsulfonyl £uoride, 1 Wg/ml aprotinin, 1% Non-
idet P-40, and 0.5% sodium deoxycholate. After cen-
trifugation, the protein concentration in each sample
was determined by the method of Bradford [26].
Samples, each containing 20 Wg of cell lysate in
SDS-PAGE loading bu¡er, were electrophoresed in
a 12% polyacrylamide gel and transferred to a poly-
vinylidene di£uoride membrane (Immobilon, Milli-
pore, Bedford, MA, USA). Immunoblotting was
then performed using anti-human MPO antibody
(diluted 1:200). After the blot had been washed, al-
kaline phosphatase-conjugated rabbit antibody
against sheep IgG diluted 1:2000 was added to the
blots. Immunoreactivity on the blots was detected by
nitro blue tetrazolium (NBT)/5-bromo-4-chloro-3-in-
dolyl phosphate (Life Technologies). The G3PDH
band was used to help to con¢rm that the similar
amounts of protein were loaded to each lane.
2.5. Assay for TNFK
The concentration of TNFK in the culture super-
natants or cell lysates was measured by enzyme-
linked immunosorbent assay (ELISA). Conditioned
media from cultures of either the control or irradi-
ated HL60 cells were prepared by centrifuging the
supernatants at 1000Ug for 10 min. Cell lysates
were made by sonicating the cells in ice-cold phos-
phate-bu¡ered saline after irradiation, and the debris
was then removed by centrifugation. The content of
protein in the cell lysates was measured [26]. The
standard curve of TNFK protein was plotted by us-
ing puri¢ed recombinant human TNFK as a stan-
dard. The detection limit of this assay was 10 pg/
ml. This assay was speci¢c and did not detect other
cytokines including GM-CSF, G-CSF, M-CSF, IL-1,
IL-3, transforming growth factor L, IL-6, and IFN-Q
(Genzyme).
2.6. DNA probes
The human MPO cDNA probe (2.2 kb) was from
clone pMPO2 [27]. The human TNFK cDNA frag-
ment (0.8 kb, EcoRI) was from pSPV42-2 [28]. The
human c-myc DNA (exon2, PstI-PstI, 414 bp) was
puri¢ed from the pHSRI plasmid. [29]. The L-actin
DNA probe (0.7 kb, EcoR1-BamH1) was from the
pHFb A-3P ut plasmid [30]. These probes were 32P-
labeled by a random priming method [31]. The spe-
ci¢c activity of each probe was 2U108 cpm/Wg of
DNA.
2.7. Isolation and blotting of RNA
Total RNA from cells was obtained by the guani-
dinium/hot phenol method as described previously
[32]. Cells were lysed in a guanidinium isothiocyanate
mixture (4 M guanidinium isothiocyanate, 50 mM
Tris-HCl (pH 7.0), 20 mM EDTA, 2% (v/v) sodium
lauryl sarcosinate, and 140 mM 2 L-mercaptoetha-
nol). The lysed cells were treated with proteinase
K, and their total RNA was then extracted by the
phenol/chloroform method. After denaturation at
65‡C, the RNA was electrophoresed in an agarose-
formaldehyde gel (1%) and transferred to a nylon-
membrane ¢lter (Amersham) [33]. The ¢lters were
hybridized with 32P-labeled probe for 16 to 24 h at
42‡C in 50% formamide, 2USSC (1U : 150 mM
NaCl, 15 mM sodium citrate), 5UDenhardt’s solu-
tion, 0.1% SDS, 10% dextran sulfate, and 100 Wg/ml
salmon sperm DNA. Blots were sequentially hybrid-
ized with 32P-labeled MPO cDNA, TNFK cDNA, c-
myc cDNA and IL-1L cDNA. Filters were washed to
a stringency of 0.1USSC for 10 min at 65‡C and
exposed to X-ray ¢lm (RX, Fuji, Kanagawa, Japan).
Autoradiograms were developed at di¡erent expo-
sures. The relative densities of the bands of hybrid-
ization of MPO, TNFK, and c-myc mRNAs in di¡er-
ent lanes were scanned by the LKB UltroScan XL
laser densitometer using multiple exposure of the
blot.
2.8. Transcriptional run-on assay
HL60 cells were irradiated, and the nuclei were
isolated by suspension of the cells in an ice-cold hy-
potonic bu¡er (10 mM Tris-HCl (pH 7.4), 10 mM
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KCl, 3 mM MgCl2) followed by lysis in the same
bu¡er containing 0.5% NP-40. Nuclei were harvested
by centrifugation (500Ug, 5 min), washed in a hypo-
tonic bu¡er containing 0.5% NP-40, and then resus-
pended in nuclear storage bu¡er (40% glycerol,
50 mM Tris-HCl (pH 8.3), 5 mM MgCl2, 0.1 mM
EDTA). Nuclei were incubated for 30 min at 30‡C in
a reaction bu¡er containing 150 mM KCl, 3 mM
MgCl2, 5 mM Tris-HCl (pH 8.0), 0.25 mM ATP,
0.25 mM GTP, 0.25 mM CTP, and 200 WCi
[K-32P]UTP (3000 Ci/mmol). The reaction was termi-
nated by adding DNase I (for 10 min at 30‡C). The
reaction mixture was digested by 400 Wg/ml of pro-
teinase K in a solution containing 10 mM EDTA
and 1% SDS, followed by phenol/chloroform extrac-
tion. The aqueous phase was precipitated at 370‡C
with 50% isopropyl alcohol in the presence of 0.3 M
sodium acetate, and the precipitate was collected by
centrifugation and then dissolved in TE (10 mM
Tris-HCl (pH 8.0), 1 mM EDTA). After denatura-
tion in 0.3 M NaOH (ice-cold) and then neutraliza-
tion in 0.25 M HEPES, nuclear RNA was run
through a Sephadex G50 spun column to remove
unincorporated [32P]UTP. Plasmid DNA containing
the cDNA coding inserts was denatured by heat and
alkalization (0.3 M NaOH). Denatured plasmids
(10 Wg for MPO and pUC118 and 2 Wg for L-actin)
were bonded to nylon membranes (Hybond-N) using
BIO-DOT SF (Bio-Rad) and immobilized by a UV
cross linker. Newly elongated nuclear RNA was hy-
bridized to the ¢lters containing plasmids. Hybrid-
izations were performed with 107 cpm of 32P-labeled
RNA/ml in a bu¡er containing 3USSC, 0.1% SDS,
10UDenhardt’s solution, 50% formamide, 0.2 mg/ml
of yeast tRNA, 10 mM NaH2PO4 (pH 7.0), and
100 Wg/ml of salmon sperm DNA for 3 days at
42‡C. After hybridization, the ¢lters were rinsed in
2USSC at room temperature and then in 2USSC
and 0.1USSC at 42‡C.
3. Results
3.1. Decreased levels of MPO protein following
irradiation in human promyelocyte HL60 cells
We determined whether irradiation a¡ected the
levels of MPO protein in HL60 cells by Western
blotting using an MPO antibody (Fig. 1). The
HL60 cells were cultured for 6 h after exposure to
irradiation at di¡erent doses (0, 10, 20, 40 and 80
Gy). The cells were harvested, and the levels of
MPO in the total cellular protein were examined.
Unirradiated HL60 cells constitutively expressed
MPO protein. A decreased level of MPO protein
precursor was observed at 20 Gy of irradiation. At
80 Gy of irradiation, the level of MPO was approx-
imately 10% of that in the unirradiated cells.
3.2. Dose-dependent e¡ect of irradiation on levels of
MPO, TNFK, and c-myc mRNAs in HL60 and
THP-1 cells
HL60 cells were cultured for 4 h after exposure to
various doses of irradiation as indicated. To deter-
mine the e¡ects of irradiation on the levels of MPO,
TNFK and c-myc mRNAs, we performed a Northern
blot analysis of the total RNA using 32P-labeled
MPO, TNFK, and c-myc cDNA probes and the re-
sults were presented quantitatively (Fig. 2A). HL60
cells constitutively had a very high level of mRNA
containing three species of mRNAs (1.6, 2.8 and 3.3
kb). Irradiation decreased the MPO gene expression
in a dose-dependent manner. On the other hand,
irradiation induced TNFK mRNA expression in
these cells ; an increase in the level of TNFK
mRNA was observed at a dose of 10 Gy irradiation,
Fig. 1. Levels of MPO protein in HL60 cells exposed to irradia-
tion. Cells were cultured for 6 h after irradiation at various
doses as indicated. The cells were harvested, and 20 Wg samples
of whole cell proteins were electrophoresed in a 12% acrylam-
ide-SDS gel, transferred to a PVDF membrane, and analyzed
for MPO protein as described in Section 2. The G3PDH pro-
tein was used for a loading control.
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and the induction occurred in a dose-dependent fash-
ion. The expression of c-myc mRNA was also inhib-
ited upon irradiation in these cells. To study whether
irradiation was capable of a¡ecting levels of MPO
mRNA in other cells, we tested the other cell line,
THP-1 (Fig. 2B). These cells also constitutively con-
tained high concentrations of MPO transcripts, and
irradiation reduced the expression of MPO and c-
myc with concomitant increased levels of TNFK
mRNA in a dose-dependent manner.
3.3. E¡ects of irradiation on MPO mRNA expression
of di¡erentiated myeloid cells
Vit D3 is known to induce the di¡erentiation of
immature myeloid cells into mature monocytes/mac-
rophages [34]. RA is also a potent inducer of the
di¡erentiation of HL60 towards granulocytes [34].
To investigate the e¡ects of irradiation on the expres-
sion of MPO and TNFK mRNAs in mature cells,
HL60 cells were treated with each of these factors
and monitored for their expression of MPO and
TNFK mRNAs (Fig. 3A). Cells were cultured with
either 1 WM of RA or 100 pM of Vit D3 for 3 days,
washed with medium, and then irradiated at a dose
of 10 or 20 Gy. After 4 h, the cells were harvested,
and the levels of MPO, TNFK, and c-myc mRNAs
were determined. Treatment of cells with RA or Vit
D3 resulted in decreased levels of MPO and c-myc
with concomitant increase in the levels of TNFK
mRNA. Irradiation further decreased the levels of
MPO and c-myc mRNAs and increased the levels
of TNFK mRNA in di¡erentiation-induced cells.
Studies using TPA, a potent inducer of di¡erentia-
Fig. 2. Dose-dependent e¡ect of irradiation on levels of MPO RNA in HL60 and THP-1 cells. The HL60 (A) and THP-1 (B) cells
were cultured for 4 h after irradiation. Total RNA (15 Wg/lane) was prepared and analyzed by formaldehyde-agarose gel electrophore-
sis and transferred to a nylon membrane as described in Section 2. Hybridization was performed with 32P-labeled MPO cDNA (3.3,
2.8, and 1.6 kb bands of hybridization), and TNFK cDNA (1.7 kb band) and c-myc cDNA (2.5 kb band). The bottom panel shows
the picture of the ethidium bromide-stained formaldehyde gel before Northern blotting; levels of 28s and 18s ribosomal RNA are
comparable in each lane. Relative densities of mRNA were quanti¢ed as described in Section 2. Untreated cells (0 Gy) were assumed
to have 100% density.
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tion along monocytic lineage, were also performed.
However, treatment of cells with TPA resulted in
undetectable levels of MPO mRNA; therefore, levels
of MPO mRNA could not be determined after irra-
diation while increased levels of TNFK mRNA were
observed (data not shown).
3.4. Induction of TNFK production by irradiation
To investigate whether irradiation a¡ects the pro-
duction of TNFK, HL60 cells were cultured for 8 h
after exposure to irradiation at di¡erent doses (10^80
Gy). As a control, unirradiated cells were cultured
for 8 h. Conditioned media and cells were harvested,
and levels of TNFK in conditioned media and cell
lysates were determined by ELISA. The TNFK pro-
tein in the supernatants of untreated cells was under
Fig. 4. Increased levels of TNFK production in HL60 cells exposed to irradiation. Cells were cultured for 8 h after irradiation at vari-
ous doses as indicated. Cells were harvested, and the conditioned medium (left panel) and cell lysate (right panel) were assayed for
TNFK by ELISA. Results represent the mean and standard error of triplicate assays. P6 0.01, control and 10 Gy; P6 0.001, control
and 20 Gy.
Fig. 3. E¡ect of irradiation on MPO mRNA expression of dif-
ferentiated cells. HL60 promyelocytic cells were treated with ei-
ther 100 pM of Vit D3 or 1 WM of RA for 3 days, washed
with medium, and then irradiated at 10 or 20 Gy. After 4 h,
the cells were harvested and analyzed by Northern blotting.
Relative densities of mRNA were quanti¢ed as described in
Section 2.
6
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the detectable level (Fig. 4, left). Irradiation dose-
dependently increased the levels of TNFK, and a
signi¢cant increase in TNFK production was ob-
served at 20 Gy of irradiation (P6 0.001). At 80 Gy
of irradiation, the level of TNFK was approximately
10 times greater than that from the 20 Gy-irradiated
cells (P6 0.001). The study of TNFK in cell lysates
showed that untreated HL60 cells constitutively con-
tained low levels of TNFK, and irradiation markedly
increased the TNFK levels in a dose-dependent man-
ner. At a dose of 10 Gy, the levels of intracellular
TNFK were four times greater than those in un-
treated cells (P6 0.001); and at 80 Gy levels, were
30-fold greater (P6 0.001)(Fig. 4, right).
3.5. Role of TNFK production on expression of MPO
mRNA after irradiation
To study the involvement of endogenously pro-
duced TNFK in the expression of MPO mRNA by
irradiation, HL60 cells were preincubated with anti-
body against human TNFK for 30 min, which neu-
tralizes 1000 units/ml of TNFK, and the cells were
irradiated at a dose of 40 Gy in the presence of anti-
TNFK antibody (Fig. 5). After 4 h, cells were har-
vested, and their levels of MPO mRNA were com-
pared with those in control cells that had been cul-
tured in medium alone. Treatment with anti-TNFK
antibody blocked the irradiation-induced decrease of
MPO transcripts by 70%. Treatment with exoge-
nously added TNFK (100 and 1000 units/ml, for
4 h) markedly decreased MPO mRNA expression.
Levels of c-myc mRNA were almost parallel to those
of MPO mRNA in these cells.
3.6. Transcriptional regulation of MPO in irradiated
HL60 cells
Transcriptional run-on assays were performed to
estimate the mechanisms responsible for the reduced
accumulation of MPO transcripts by irradiation (Fig.
6). The L-actin gene was constitutively transcribed in
untreated HL60 cells, whereas there was no detect-
able level of pUC118 gene transcription (negative
control for non-speci¢c hybridization)(Fig. 6A).
MPO was constitutively transcribed at a very high
level in untreated HL60 cells. Exposure of the cells
to irradiation with 20 Gy decreased the transcrip-
tional rate of MPO by 30% at 1 h and by 70% at
4 h after irradiation (Fig. 6B).
3.7. Stability of steady-state MPO mRNA in
irradiated HL60 cells
To examine the post-transcriptional regulation of
MPO mRNA in irradiated HL60 cells, unirradiated
or 40 Gy-irradiated HL60 cells were cultured for 4 h,
and actinomycin D (5 Wg/ml) was then added to the
cultures. The cells were further cultured for an addi-
tional 2^4 h and were sequentially harvested and
examined to determine their level of MPO mRNA
(Fig. 7). The half-life (t1=2) of steady-state MPO
Fig. 5. Role of TNFK production on the expression of MPO
mRNA in HL60 cells exposed to irradiation. Cells were pre-
treated for 30 min with anti-TNFK antibody at a concentration
that neutralizes 1000 units/ml of TNFK, and these cells were
then irradiated at 40 Gy in the presence of the antibody and
cultured for 4 h. In parallel, cells were exposed to di¡erent con-
centrations of TNFK (100 or 1000 units/ml) for 4 h. Untreated
and treated cells were harvested, and the levels of MPO and
c-myc mRNAs were determined and quanti¢ed by densitome-
try.
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mRNA in unirradiated HL60 cells was 3 h. Irradia-
tion destabilized MPO mRNA slightly (t1=26 3 h).
4. Discussion
Prior studies have shown that stimulators of sev-
eral pathways of signal transduction increase MPO
levels; bone marrow cells or myeloid leukemia cells
produce neutrophil granules accompanied by the ex-
pression of the MPO gene in response to GM-CSF
or granulocyte colony stimulating factor (G-CSF)
[35,36]. GM-CSF also increases the proportion of
promyelocytes and myelocytes in murine bone mar-
row [35]. On the other hand, TNFK and interferon-Q
(IFN-Q) decrease the levels of MPO mRNA [24,37].
Furthermore, ceruloplasmin has been identi¢ed as a
new physiological inhibitor of MPO [38]. TNFK is
produced by various cells, including monocytes/mac-
rophages, granulocytes and endothelial cells [39,40].
TNFK is an in£ammatory mediator that has been
shown to be deeply involved in a broad spectrum
of in£ammatory responses, including cytotoxicity to
tumor cells and immune modulation through the in-
duction of cytokines in various types of cells [41,42].
In the present study, HL60 cells constitutively pro-
duced low levels of TNFK ; this constitutive produc-
tion of TNFK was markedly augmented by irradia-
tion. Other investigators have also demonstrated that
irradiation induces TNFK expression in myelocytic
cells [9,10], and our results are consistent with these
previous studies. Moreover, exogenously added
TNFK reduced the expression of MPO mRNA, and
the treatment of these cells with anti-TNFK neutral-
izing antibody blocked the reduction of MPO
mRNA expression by irradiation in HL60 cells. In
contrast, the addition of anti-IL-1 neutralizing anti-
body to culture did not a¡ect the level of MPO
mRNA, while expression of IL-1 mRNA was also
induced upon irradiation (data not shown). Our re-
sults indicate for the ¢rst time that irradiation inhib-
its the expression of MPO mRNA through the auto-
crine pathway which involves the endogenous
production of TNFK in HL60 cells.
Leukemia cells can be induced to di¡erentiate into
more mature cells by various agents in vitro. The
human myeloid leukemia cell line HL60 can termi-
nally di¡erentiate along either a monocytic or gran-
ulocytic pathway [34]. Macrophages and granulo-
cytes have various functions against external insults
such as bacterial infection, and acquisition of these
functions is also a marker of di¡erentiation in addi-
Fig. 6. Transcriptional run-on analysis of MPO in irradiated HL60 cells. Cells were either untreated or irradiated at 20 Gy; and 1 or
4 h later, their nuclei were isolated as described in Section 2. Newly elongated 32P-labeled transcripts were hybridized to the plasmid
containing the insert form of either MPO, L-actin, or the control plasmid pUC118 (A). Lanes of MPO and L-actin in untreated or ir-
radiated cells were determined by densitometry; the relative density of MPO was compared by the ratio of MPO/L-actin (B).
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tion to changes in morphology and the appearance
of cell surface markers. MPO is closely linked to
cellular maturation; MPO mRNA is expressed in
myeloblasts, and its expression peaks at the promye-
locyte stage and becomes undetectable in myelocytes
and more mature myeloid cells. Recent studies have
suggested that structural changes in chromatin and
alterations in DNA methylation might be involved in
the modulation of MPO expression during di¡eren-
tiation; DNase I hypersensitivity sites, which have
been observed in the 5P £anking region and coding
region of the MPO gene are lost following the induc-
tion of di¡erentiation, which coincides with a decline
in the transcription of the MPO gene [14,15,43]. The
c-myc oncogene is also associated with di¡erentia-
tion; levels of c-myc mRNA have been shown to
decrease upon exposure to di¡erentiation-inducing
factors including Vit D3 and RA [14,15]. Moreover,
TNFK has been shown to down-regulate the expres-
sion of c-myc in HL60 cells [44]. In the present study,
induction of di¡erentiation with either Vit D3 or RA
resulted in a decreased levels of MPO and c-myc
mRNAs levels, as have been reported previously
[14,15,45]. Furthermore, In contrast, the production
of TNFK increased with an induction of di¡erentia-
tion. TNFK has also been reported to induce the
di¡erentiation of HL60 cells [24]. Our studies indi-
cate that the decrease in MPO expression that occurs
with di¡erentiation may be related to the expression
of TNFK in these cells.
Our present study found that irradiation decreases
the rate of MPO transcription in HL60 cells. Prior
studies, including ours, have reported that irradiation
increases the transcriptional rate of several genes in-
cluding GM-CSF or manganese superoxide dismu-
tase (MnSOD) [8,46]. Recent studies have shown
that irradiation increases the number of transcrip-
tional factors such as FOS, JUN, and the early
growth response family of genes [47,48]. The poly-
peptide product of the c-jun gene is a component of
the AP-1 transcriptional factor complex, and several
genes inducible by irradiation contain AP-1 cis-act-
ing regulatory elements [49,50]. In the 5P £anking
region of the MPO gene, an AP-1-like element, se-
quences resembling regulatory elements of the c-myc
oncogene and the neutrophil elastase gene, have also
been identi¢ed [51]. The MPO gene has binding sites
of transcriptional factors such as NFUB-like, Sp1,
PEBP2KB/CBF (AML1) on its promoter [51^55]. A
more recent study has identi¢ed a cis-element which
responds to G-CSF in the MPO promoter [19]. Thus,
di¡erent multiple regulatory gene sequences in the 5P
£anking region and introns of the MPO gene have
been noted [56,57]. On the other hand, negative reg-
ulatory sequences have been identi¢ed on a promoter
Fig. 7. Stability of steady-state MPO mRNA in HL60 cells ex-
posed to irradiation. Untreated cells or cells irradiated at 40
Gy were cultured with actinomycin D (5 Wg/ml) for 1^4 h. The
total RNA (30 Wg/lane in untreated cells and 15 Wg/lane in irra-
diated cells) was extracted and analyzed by Northern blotting
as described in Section 2 (upper panel). The intensity of hybrid-
ization was determined by densitometry of autoradiograms ob-
tained at several di¡erent exposures. Each lane was compared
with respect to the intensity of the L-actin band; the results are
expressed as the ratio of MPO/L-actin (lower panel). Untreated
cells were assumed to have 100% activity.
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of the MPO gene [58]. Further study has found that
the G-CSF-induced MPO gene expression is inhib-
ited by IL-3 through the MPO promoter [59]. In our
study, run-on assays found that irradiation decreased
the transcriptional rate of MPO. These results sug-
gest that the reduction of transcriptional activities of
MPO by irradiation may also occur through the neg-
ative regulatory element(s) in the MPO gene. Further
studies are required to understand what regions of
MPO RNA are important in decreased accumulation
of these transcription.
Another mechanism for the regulation of mRNA
level is to modulate the stability of these transcripts.
The short-lived RNAs encoding cytokines and pro-
tooncogenes have AU-rich sequences containing
AUUUA repeats in the 3P untranslated region
(3PUTR). These AU-rich sequences are highly con-
served and thought to confer in stability to mRNA
[60,61]. We have recently found that the AU-rich
sequences in the 3PUTR are important for the regu-
lation of GM-CSF RNA stability by irradiation; ir-
radiation stabilizes GM-CSF mRNA through a
mechanism which requires the AU-rich sequences
[62,63]. However, RNA encoding MPO has no
AU-rich sequences containing AUUUA repeats in
the 3PUTR, and elements responsible for regulation
of the mRNA stability have not been identi¢ed [27].
In the present study, irradiation reduced the t1=2 of
MPO mRNA in these cells. However, the magnitude
of the reduction was slight as compared to that of
the decreased transcription. The steady-state levels of
mRNA are dependent upon the rates of both tran-
scription and degradation. Therefore, our data sug-
gest that the modulation in stability of mRNA does
not play a major role in the reduced levels of MPO
mRNA of irradiated cells.
Many of the damaging e¡ects of ionizing irradia-
tion are mediated by reactive oxygen free radicals
[2,3,64]. Irradiation increases the generation of super-
oxide anion O32 , which is subsequently dismutated to
hydrogen peroxide (H2O2) by superoxide dismutases
(SODs). Both of these radicals cause DNA breakage,
lipid peroxidation, and protein modi¢cation. MPO
converts H2O2 into a more potent microbicidal oxi-
dant, hypochlorous acid in the presence of halide
ions, contributing to the bactericidal function of
granulocytes [65^68]. A recent study has also found
that MPO can be detected in the nuclei of myeloid
cells, including granulocytes and monocytes, suggest-
ing that MPO may also play some roles in the host
defense of nuclei [69]. The data presented here dem-
onstrate that the levels of MPO mRNA can be
modulated by irradiation in human promyelocytic
leukemia cells HL60 and di¡erentiation-induced
cells; irradiation decreases the accumulation of
MPO transcripts in HL60. However, roles of MPO
in irradiated cells remain unclear. The hypochlorous
acid, which is long-halved and a selectively reactive
intermediate, also damages host tissue; impaired in-
activation of MPO may lead to pathophysiological
events in the pathogenesis of disorders. Indeed, there
is accumulating evidence that oxidation of low den-
sity lipoprotein (LDL) by MPO has been implicated
in the pathogenesis of atherosclerosis [70,71]. Fur-
thermore, the involvement of MPO-ANCA (MPO-
speci¢c anti-neutrophil cytoplasmic autoantibody)
has been described in in£ammatory diseases such as
crescentic glomerulonephritis [72]. Therefore, a phys-
iological negative regulation system for MPO expres-
sion is important. Since elevated levels of O32 or
H2O2 may lead to overproduction of HOCl, the sup-
pression of MPO may be one of the key mechanisms
for self-defenses against damage caused by irradia-
tion in myeloid hematopoietic cells.
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